Abstract The myocardial stress response to exercise is dependent on exercise intensity and thus understanding the molecular responses between various exercise intensity levels might aid in exercise prescription. Nuclear factor kappa B (NF-κB) is a ubiquitous transcription factor that mediates a variety of cellular processes including inflammation, immune responses, apoptosis and cell growth/development. NF-κB can be comprised of homo-and/or heterodimers formed from five distinct proteins: p50 (NF-κB1), p52 (NF-κB2), RelA (p65), c-Rel, and RelB. NF-κB is located in the cytoplasm and kept inactive by inhibitory proteins but following the exposure to a myriad of stimuli, an activated NF-κB dimer translocates to the nucleus and exerts transcriptional effects on upwards of 150 genes. To examine the activation of NF-κB in the myocardium following exercise, male Sprague-Dawley rats (n=24) were exercised by treadmill running at 20 m/min for 30 min or 30 m/min for 20 min. At 0, 2, or 24 h following exercise, animals were anesthetized, hearts excised and immediately frozen in liquid nitrogen. Portions of hearts were homogenized, protein concentrations determined and extracts assayed for NF-κB activation (DNA binding activity) using electrophoretic mobility shift assays (EMSA). Visual examination of EMSA autoradiographs revealed an enhanced NF-κB activation in the hearts from exercised animals when compared with non-running controls. Subsequent supershift analyses using antibodies specific for NF-κB subunits showed the higher intensity exercise was associated with p65 (RelA) in the activated NF-κB complex while the NF-κB complex in hearts from animals exercised at the lower intensity was comprised primarily of p50. These data suggest exercise is capable of activating myocardial NF-κB and that a threshold for the activation of specific NF-κB subunits may exist.
Introduction
The cellular response of the myocardium to exercise varies based on a number of factors, including intensity. In view of this, low-intensity exercise is generally considered a eustress possibly creating a hormesis-like effect, while high-intensity exercise is considered more of a distress and may exacerbate underlying pathologies. Thus, understanding the cellular responses between different exercise intensity levels may be valuable for developing safe exercise prescription.
Nuclear factor kappa B (NF-κB) is a redox sensitive transcription factor involved in a variety of cellular processes including inflammation, immune responses, cytokine/chemokine production, apoptosis, as well as cell growth and development (for review see Gilmore 2006) . In skeletal muscle, NF-κB activation plays a key role in mediating muscle fiber atrophy (Cai et al. 2004; Bar-Shai et al. 2008) . Thus, determining whether NF-kB is activated in the myocardium during or following exercise may provide insight in to how the myocardium adapts to physiological stressors.
In vertebrates, NF-κB consists of homodimers or heterodimers comprised of various subunits: p50 (NF-κB1), p52 (NF-κB2) p65 (RelA), RelB, and c-Rel. Depending upon the stimulus, NF-κB can be activated by at least three different pathways: a classical pathway (canonical), an alternative pathway (non-canonical), or a third pathway (pathway 3). In the classical pathway, cytoplasmic NF-κB is kept inactive due to its binding to an inhibitory protein, known as I kappa B (IκB). When cells are exposed to a variety of agents, IκB becomes phosphorylated and subsequently degraded by the ubiquitin proteasome pathway (Sun and Ley 2008) . This allows the activated NF-κB complex (usually a p50/p65 heterodimer) to translocate to the nucleus where it binds to kappa B sequences and alters the expression of various target genes (Werner et al. 2005) . In the alternative pathway, p100 is phosphorylated and processed to create an NF-κB complex consisting of p52/RelB which translocates to the nucleus and influences target genes (Senftleben et al. 2001) . A third pathway involving p105 processing results in a p50/p50 homodimer that interacts with a coactivator, Bcl-3 (Hunter et al. 2002; Gilmore 2006) . The variations in NF-κB subunit composition and subsequent modification allows for potentially distinct sets of genes to be expressed. For example, Bakkar et al. (2008) showed that NF-κB activation consisting of the p65/p50 dimer (classical pathway) repressed myogenesis during its early stages, while the p52/RelB dimer (alternative pathway) promoted mitochondrial biogenesis during the later stages of myogenesis. Similarly, Hunter et al. (2002) showed that in skeletal muscle, a p50/p50/Bcl-3 complex was involved in regulating disuse atrophy. In view of these results, it seems likely that other dimer combinations may also promote or repress other important cellular pathways or processes.
An acute bout of exercise has been shown to activate a number of cellular pathways and several studies have investigated the effects of acute exercise on the activation of NF-κB in skeletal muscle (Hollander et al. 2001; Durham et al. 2004; Ji et al. 2004; Ho et al. 2005; Kramer and Goodyear 2007) . Hollander et al. (2001) and Ji et al. (2004) showed a single bout of exercise increased NF-κB activation in the deep portion of rat vastus lateralis muscles and activation peaked at 2 h after the cessation of exercise. In contrast, Durham et al. (2004) showed exercise decreased NF-κB activation in both mouse and human skeletal muscles. Investigations of NF-κB activation in rat cardiac muscle following exercise are limited. Veneroso et al. (2009) has shown an enhanced NF-κB activation in the heart 2 h after exercise; however, specific subunits were not identified. Given that the effects of acute exercise on NF-κB activation in cardiac muscle have not been thoroughly investigated and that NF-κB plays a key role in mediating skeletal muscle atrophy, the aim of this study was to determine whether exercise varying in intensity and duration alters NF-κB activation in the myocardium and identify any subunits involved.
Materials and methods

Animals and exercise
Twenty-eight male Sprague-Dawley rats (Charles River, Quebec) were housed in pairs and maintained on a 12-h dark/ light cycle, at 20 ±1°C, 50% relative humidity and provided food and water ad libitum. All animals were habituated to a motorized treadmill by walking or slowly running at less than 20 m/min (m/min) for 4-5 days. Following at least 2 days of rest, the rats were randomly divided into groups: non-running controls (n=4), exercised at 20 m/min for 30 min (low intensity, n=12), exercised at 30 m/min for 20 min (high intensity, n=12). Each of the exercised groups was further subdivided based on three different recovery times, 0, 2, and 24 h post-exercise. Rectal temperatures were recorded prior to, and directly after exercise. Animals were anesthetized using pentobarbital through an intraperitoneal injection (65 mg/kg), hearts removed, frozen in liquid nitrogen and stored at −70°C until further processing.
Electrophoretic mobility shift assay Portions of heart tissue (50 mg) were homogenized in 15 volumes of extraction buffer (25% glycerol, 0.42 M NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA (pH 8.0), 20 mM HEPES (pH 7.9), 0.5 mM phenylmethylsulfonylflouride) in an ice bath. Homogenates were centrifuged at 14,000 rpm for 20 min at room temperature. The supernatant was removed, and protein concentration was determined (Lowry et al. 1951) . Analyses of NF-κB or AP-1 DNA binding ability was determined using the procedure described by Frier et al. (2008) . Extracts of 50 μg, were incubated with a 32 Plabeled, NF-κB oligonucleotide (5′-AGT TGA GGG GAC TTT CCC AGG C-3′; E3291, Promega or AP-1 5′-CGC TTG ATG AGT CAG CCG GAA-3′; E3201, Promega) in binding buffer (10% glycerol, 50 mM NaCl, 1.0 mM EDTA (pH 8.0), 20 mM Tris (pH 8.0), 1.0 mM DDT, 0.3 mg/ml BSA) with approximately 0.1 ng (50 000 cpm) of 32 Plabeled oligonucleotide and 2.0 ug poly dI dC (Pharmacia Fine Chemicals, Piscataway, NJ, USA) for 30 min at room temperature, prior to electrophoresis on 4% acrylamide gel at 200 V for 2-3 h. Gels were dried with a BioRad Slab dryer (Model 433) and exposed to radiographic film (Bioflex MSI film, Clonex Corp, Markham, Canada) at −70°C. Films were scanned using Agfa Arcus II scanner and bands were quantified using Kodak 1D 2.0. Positive identification and location of NF-κB binding was carried out using recombinant NF-κB (p50; Promega, E3770) to confirm the presence and location of the NF-κB-DNA oligonucletide complex. To determine the specific subunit composition of the activated NF-κB complexes electrophoretic mobility shift assays (EMSA) supershifts were performed. Thirty minutes prior to electrophoresis, antibody to the NF-κB subunit (p50, RelA/p65, p52, RelB, c-Rel), (p50 (NLS; sc-114X), RelA/p65 (C-20; sc-372X), p52 (K-27; sc-298X), RelB (C-19; sc-226X), C-Rel (C; sc-71X), and Bcl-3 (C-14; sc-185X); Santa Cruz Biotechnology, CA, USA) was added to the labeled oligonucleotide-sample extract. Presence of the specific NF-κB subunit was identified with an upward shift of the visible protein-DNA complex.
Statistical analyses
Analysis of variance was used to compare differences in animal body mass, between control, low-and high-intensity exercised groups while a Student's t tests were used to evaluate differences in body temperature. For all tests, differences were considered to be statistically significant at a level of p≤0.05.
Results
Body mass
Control and exercised (low and high intensity) animals were compared based on body mass. Control animals were heaviest (318.8±16.3 g), followed by animals that were exercised at 20 m/min (313.7 ± 20.0 g) and animals exercised at 30 m/min (312.9±19.2 g), respectively. There were no significant differences between the groups.
Rectal temperature
Prior to exercise, mean rectal temperatures were similar for animals exercised at either 20 m/min (37.6±0.2°C) or 30 m/min (37.9±0.1°C). The control (non-running) group had a mean rectal temperature of 37.1±0.3°C, which was significantly lower (p<0.5) than the animals to be exercised at 30 m/min. Following exercise, animals showed an increase in mean rectal temperatures of 2.3°C and 2.4°C for the 20 m/min and 30 m/min groups, respectively. In both low-(39.9±0.6°C) and high-intensity (40.4±0.3°C) groups, exercise resulted in a significant increase in rectal temperature (p<0.001) when compared with pre-exercise temperatures (37.6±0.5°C and 38.0±0.5°C, respectively). In addition, the post-exercise temperatures of the low-(20 m/min) and high-intensity (30 m/min) groups were also significantly different (p>0.01) indicating that the highintensity group (30 m/min) was subjected to a greater exercise stress.
NF-κB activation and subunit composition
Visual analyses of autoradiographs from EMSAs revealed NF-κB-DNA binding in myocardial extracts from all animals (Fig. 1) . When compared with nonexercised controls (Fig. 1a-lane 1) , the hearts from exercised animals (Fig. 1a-lanes 2-7) showed the enhancement of a slow-migrating NF-κB band, labeled p50s. A fast-migrating p50 band, labeled p50f, was also detected and varied in intensity but was diminished in the hearts from animals exercised at 30 m/min and allowed 24 h of recovery (Fig. 1a-lane 7) . In some cases, a new and even slower migrating band, labeled p65, was detected in hearts from exercised animals. This slower migrating band was detected to a greater extent in the hearts from animals that were exercised at the higher intensity (30 m/min; Fig. 1a-lanes 5-7) than at the lower intensity or in controls.
Quantification of p50 bands revealed significant (p< 0.05) increases in p50s in the hearts from five of six exercised groups when compared with the hearts from nonrunning animals (Fig. 1b, c) . Only in hearts from animals that exercised for 20 m/min with no recovery was there no change in p50s activation. In hearts from animals that were exercised at the low intensity and allowed 2 or 4 h of recovery, a significant increase (p<0.05) in p50s activation was observed. In addition, p50s activation was significantly increased (p<0.05) in the animals that exercised at a high intensity (30 m/min) regardless of recovery time when compared with controls, (Fig. 1c) . Quantification of p50f activation showed a significant decrease (p<0.05) in hearts 24 h after exercising at the high intensity (Fig. 1e ) but no change in hearts from the other five exercise groups (Fig. 1d, e) .
To determine the subunit composition of activated NF-κB detected, EMSA supershifts were performed. Visual analyses showed the NF-κB activation observed in hearts from exercised animals was primarily comprised of p50 and to a lesser extent p65 (Fig. 2-lanes 3 and 4) when compared with controls ( Fig. 2-lane 1) . Following the addition of antibodies specific for RelB, c-Rel and Bcl-3 no changes in mobility of the NF-κB complexes were detected (Fig. 2-lanes 5-7) . However, following the addition of the p50 antibody, the two bands previously described as p50f and p50s were shifted suggesting two p50 subunits (Fig. 2-lane 3) . As mentioned previously, p50f was predominantly present in controls, whereas both (the fast and the slow-migrating bands, p50s) appeared in the hearts from exercised animals ( Figs. 1 and 2) . The shifted p50 bands corresponded to shifts observed after p50 antibody was added to purified p50 protein (Fig. 2-lane 9) .
Following the addition of the p65 antibody, a shift in the migration of the slowest NF-κB migrating band was primarily detected in hearts from animals exercised at the higher intensity (Fig. 2-lane 4) . Since this band was not detectable in the hearts from non-exercised (controls) animals it suggests that exercise is capable of inducing activation of the p65 NF-κB subunit. Taken together, these data suggest that exercise above a specific intensity is capable of causing NF-κB activation possibly by a p50/p65 dimer (classical pathway).
AP-1 activation following exercise
Given that the p65 NF-κB subunit was observed to be activated at the higher exercise intensity and that the p65 NF-κB subunit is known to play a role in a variety of cellular processes, including inflammation (Karin et al. 1997; Adcock and Caramori 2001) , we tested hearts from exercised animals for the presence of AP-1, a transcription factor known to be activated during inflammation. Similar to p65, AP-1 activation was observed primarily in hearts from animals exercised at the higher intensity (Fig. 3-lanes 5-7) but not readily detectable in hearts from controls or animals that exercised at the lower intensity (Fig. 3-Lanes 1-4) . These data suggest that exercise intensity may mediate specific NF-κB and/or AP-1 cellular responses.
Discussion
This study examined alterations in myocardial NF-κB activation (DNA binding ability) and subunit composition following acute bouts of exercise that differed in intensity and duration. The novel features of this paper are: a) acute exercise is capable of activating NF-κB in the myocardium, recovery. p65 and the fast and slow-migrating p50 NF-κB subunits are identified. b NF-κB (p50s) activation in heart extracts from animals exercised at 20 m/min. c NF-κB (p50s) activation in heart extracts from animals exercised at 30 m/min. d NF-κB (p50f) activation in heart extracts from animals exercised at 20 m/min. e NF-κB (p50f) activation in heart extracts from animals exercised at 30 m/min. Data are expressed as mean±SD. An asterisk denotes a significant difference from control (p≤0.05) b) the NF-κB complex activated by exercise consists primarily of p50 and p65 subunits, and c) a threshold for the activation of specific NF-κB subunits exists. NF-κB is known to mediate a wide variety of cellular responses including inflammation, immune responses, cytokine/chemokine production, apoptosis, as well as cell growth and development (Werner et al. 2005; Gilmore 2006 ). The data presented herein suggest that depending upon the intensity of exercise, specific NF-κB subunits are activated which may possibly enhance or repress the expression of specific NF-κB-mediated genes. This may ultimately result in distinct NF-κB-mediated cellular responses.
In the present study, an increased NF-κB activation consisting of a slow-migrating p50 band (p50s) was observed in the hearts from all animals exercised except for animals exercised at the low intensity with no recovery. Given that the volume of exercise was the same between the two groups (20 m/min for 30 min or 30 m/min for 20 min), yet the exercise was varied in intensity (20 vs. 30 m/min) and duration (30 vs. 20 min) it suggests that a specific intensity is required before p50s is activated and that the stress during recovery from exercise at low intensities may also play a role in the activation of the p50s NF-κB subunit. In agreement with this, Ji et al. (2004) showed that in skeletal muscle, NF-κB was maximally activated at 2 h following an acute bout (60 min) of exercise.
In addition to the p50s band, a fast-migrating p50 band (p50f) was also observed in the hearts from all animals. However, when compared with controls, only the high intensity, 24-h recovery group showed a significant difference in p50f activation. All other groups showed no significant alterations in p50f activation despite a trend of decreased activation in five of the six exercise groups. Interestingly and somewhat in contrast to p50s, the lowintensity group with no recovery, showed a slight increase in p50f activation when compared with controls. While the exact relationship between the two NF-κB p50 subunits cannot be determined from the present study, the altered mobility of the p50 subunits observed is likely the result of modification. Perkins (2006) has outlined the various post-translational modifications of the NF-κB family proteins which include phosphorylations, acetylations, cysteine S-nitrosylations, and cysteine oxidations. In agreement with this, Pérez et al. (2000) found that following exposure to ultraviolet radiation, p50 becomes phosphorylated in mouse skin cells. To our knowledge, no studies have examined NF-κB modifications in the myocardium following exercise and it remains to be determined whether these same modifications or others occur following acute exercise. However, modifications of p50 might explain the apparent antithetical relationship observed between the two p50 subunits identified.
The p50 protein is normally inactive in the cytoplasm due to binding with p105 but following stimulation, p105 is processed to form the p50/p50 homodimer (Gilmore 2006) . During disuse atrophy of skeletal muscle, the p50/p50 homodimer requires Bcl-3 as a coactivator (Hunter et al. 2002; Hunter and Kandarian 2004) . However, our results showed that heart extracts from exercised animals demonstrated no shift in the mobility of the activated NF-κB complex following the addition of an antibody specific for Bcl-3 suggesting Bcl-3 is not involved in the activated NF-κB complex induced by acute exercise. Similarly, the addition of RelB or c-Rel specific antibodies to heart extracts from exercised animals also showed no shift in mobility of the activated NF-κB complex suggesting these subunits are also not likely involved in the NF-κB complex activated by exercise. Given that these proteins (RelB, c-Rel and Bcl-3) were not detected following EMSA supershifts, it suggests that the p50/p65 heterodimer, or p50/p50, p65/p65 homodimers are the major subunit combinations activated by exercise. Furthermore, given that Lane 7, 30 m/min, no recovery plus Bcl-3 antibody. Lane 8, purified p50 protein. Lane 9, purified p50 protein plus p50 antibody. p65 and the fast and slow-migrating p50 NF-κB subunits are identified p65 activation was primarily observed after high-intensity exercise, p65 likely combines with either itself, or more likely, with p50, which suggests exercise activates NF-κB via the classical (canonical) pathway. In contrast, the p50/p50 homodimer appears to be altered after a single bout of lowintensity exercise.
In its homodimeric form, the p50 subunit appears to act as a repressor (Grimm and Baeuerle 1993; Baldwin 1996; Brigelius-Flohé et al. 1996) and thus it follows that any exercise induced alteration in the activation of p50 subunits might decrease the expression of the genes controlled by this transcription factor. Thus, it may be the case that p50 homodimers repress specific genes, possibly leading to a decreased response following this type of NF-κB activation. In support of this, exercise training is known to provide systemic anti-inflammatory effects (Lira et al. 2009 ), although the mechanism for this remains unclear. It should also be noted that although exercise at both intensities appeared to activate p50, following highintensity exercise any repressive effects of p50 may be diminished due to competitive and/or preferential p65 and p50 heterodimer formation (Hoffmann et al. 2006) . In contrast, at the lower exercise intensity, p65 may not be activated allowing the purportedly repressive p50 homodimers to form and attenuate specific responses. Whether this is actually the case remains to be determined.
Visual examination of EMSA autoradiographs also showed the p65 (RelA) subunit of NF-κB was detected in hearts from animals that were exercised, yet p65 was not detected in hearts from controls. Interestingly, the p65 subunit was predominantly detected in the hearts from animals that were exercised at the higher intensity suggesting that a particular exercise intensity or threshold may be required to active this NF-κB subunit. NF-κB in the form of the p65/p50 heterodimer tends to act a transcriptional activator and is known to mediate several responses including remodeling, oxidative stress, inflammation, immune responses, cytokine/chemokine production, apoptosis, as well as cell growth and development (Flohé et al. 1997; Werner et al. 2005; Gilmore 2006) . While the exact significance of the p65 activation induced by exercise remains unclear, the higher post-exercise temperature observed with the animals that exercised at the higher intensity (30 m/min) suggests the level of stress experienced by these animals was indeed greater. It is well established that increased heart rate, body temperature, oxidative stress, as well as altered levels of certain hormones or cytokines occurs in conjunction with increased exercise intensity. Thus, the differences in myocardial NF-κB activation observed with exercise may result in specific biochemical responses that may ultimately influence myocardial adaptation.
While the exact significance of the exercise induced p65 NF-κB activation cannot be determined from the present study, it is interesting to note that in skeletal muscle, p65 NF-κB activation plays a key role in mediating muscle fiber atrophy (Cai et al. 2004; Bar-Shai et al. 2008) . In view of this, it remains possible that exercise above a specific intensity or threshold may activate an inflammatory and/or remodeling response. In support of this, AP-1, a transcription factor known to be activated during inflammation (Karin et al. 1997; Adcock and Caramori 2001) , was also activated to a greater extent in the hearts of animals exercised at 30 m/min compared with controls and the low-intensity exercise group. This suggests that exercise above a specific intensity, may cause activation of the p50/ p65 heterodimer or possibly the p65/p65 homodimer which may lead to vastly different cellular responses than the p50-p50 homodimer activated with low-intensity exercise. Indeed, when p65 is heterodimerized with p50, the effects are largely pro-inflammatory (Aoi et al. 2004; Monaco et al. 2004; Wang et al. 2007; Son et al. 2008 ). For example, Aoi et al. (2004) reported that following oxidative stress, the rat gastrocnemius muscle showed nuclear translocation of p65 and increases in cytokine-induced neutrophil chemoattractant-1 and monocyte chemoattractant protein-1.
This study confirms the findings of previous reports showing that exercise induces NF-κB activation (Hollander et al. 2001; Durham et al. 2004; Ji et al. 2004; Ho et al. 2005) and is in contrast to Durham et al. (2004) that showed a decreased NF-κB following exercise. These discrepancies might be explained by differences in intensity and possibly duration as this study shows they may be factors in NF-κB activation. In the present study, highintensity exercise induced p65 and p50 activation while low-intensity exercise primarily altered p50 activation. The exact signal(s) from exercise that activate NF-κB could be one or many, as a myriad of agents are known to activate NF-κB (Perkins 2006) . It is likely that the exercise induced NF-κB activation observed represents an initial response to the perturbation of cellular homeostasis. However, given the broad range of processes mediated by NF-κB, it is difficult to determine if the NF-κB activation observed represents a beneficial response that may aid in the processes of myocardial adaptation or whether it represents a detrimental response and possibly leads to a pathological condition. Determining the significance of the exercise induced NF-κB activation may prove useful in designing programs that use exercise as a therapeutic or preventative agent, such as during cardiac rehabilitation.
In conclusion, this study showed that myocardial NF-κB activation increased during and following exercise in an intensity dependent manner. The exercise induced activation consisted of primarily p50 and above a certain threshold, p65, suggesting exercise may activate myocardial NF-κB via the classical pathway. Additional characterization of the NF-κB activation pathways will enhance our understanding of NF-κB in the heart and hopefully allow more precise preventative/therapeutic interventions that may aid in disease prevention.
